A laser-based angle resolved photoemission (ARPES) system utilizing 6 eV photons from the fourth harmonic of a mode-locked Ti:Sapphire oscillator is described. This light source greatly increases momentum resolution and photoelectron count rate, while reducing extrinsic background and surface sensitivity relative to higher energy light sources. In this review, the optical system is described, and special experimental considerations for low energy ARPES are discussed. The calibration of the hemispherical electron analyzer for good low-energy angle-mode performance is also 1 described. Finally, data from the heavily studied Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) high T c superconductor is compared to results from higher photon energies.
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Introduction
Angle resolved photoemission spectroscopy (ARPES) has become a key tool in the study of the electronic structure of solids. 1 The technique is based on Einstein's photoelectric effect, where photons of sufficient energy eject electrons from a solid. Since momentum is conserved in this process, the angular distribution of photoelectrons from a single crystal is representative of the momentum distribution of initial electronic states in that crystal. With the ability of modern electron spectrometers to analyze electrons from many angles at once, ARPES is like taking a snapshot of the electrons in momentum space. Significant improvements in ARPES technology over the past decade have allowed researches to study not only band structure in simple materials, but also to learn about the electron-electron interactions in strongly correlated systems such as the high T c cuprate superconductors. 2, 3 Standard ARPES experiments are carried out using discharge lamps or synchrotron light sources operating in the 20 -100 eV photon energy range. This photon energy range is at the universal minimum of photoelectron mean free path in solids 4 ( Figure 1 ), meaning that the resulting ARPES spectra may be heavily influenced by surface physics. Longer mean free paths are therefore desirable for the study of bulk physics such as superconductivity. Attempts have been made to increase bulk sensitivity using very high 5, 6 photon energy, but these systems typically suffer from low count rates and poor resolution. 7, 8, 9 Past work on using lasers for photoemission includes 2-photon photoemission, combined laser and synchrotron pump-multiple-probe photoemission, 10 high harmonic generation based light sources 11,12 13 and ultrahigh energy-resolution photoemission.
However, none of these laser-based systems have been able to perform angle-resolved measurements in which band dispersion and self-energy effects can be studied. In this review we describe a 6 eV laser-based photoemission system capable of true angleresolved measurements, which has recently been used to produce the clearest images yet of electrons in a high T c superconductor. 14 Working at this photon energy increases bulk-sensitivity by about an order of magnitude compared to standard ARPES (Figure though the actual surface sensitivity of course varies somewhat from material to material depending on the plasma frequencies, etc.. The low photon energy also greatly increases the momentum resolution since the electronic states are more widely dispersed in angle.
Compared to synchrotron sources, there is also a sizeable reduction in operating costs and space requirements which should open up the ARPES technique to researchers without access to synchrotron beam time. Also exciting is the possibility to perform dynamic pump-probe ARPES measurements using the pulsed nature of the Ti:Sapphire laser.
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In section II of this review we describe the 6 eV laser system in detail. Section III is dedicated to discussion of the UHV ARPES chamber. Section IV focuses on the electron analyzer and calibration for use at very low kinetic energy. In section V we show laser ARPES data from the high T c superconductor Bi2212 and compare with results from higher photon energies.
II. The 6 eV laser system
The optical layout for the 6 eV laser system is sketched in figure 2 . At the heart of the system is a Kerr mode- fig. 2 ).
The power of the 4 th harmonic varies up to about 1 mWatt depending on the wavelength being used. Fourth harmonic power decreases with increasing photon energy as the absorption edge of the BBO crystal is approached, a property which can vary from crystal to crystal. Currently, the maximum usable photon energy achieved with reasonable flux is around 6.05 eV. After separation from the 2 nd harmonic, the 4 th harmonic passes through a rotatable ½-wave plate, allowing any linear polarization to be used for ARPES. This ease of polarization control is an important advantage of the laser system since the ARPES signal/background depends heavily on polarization through the ARPES matrix elements. 1,2,3 A ¼ wave plate can also be used to obtain circularly polarized light, which can be used for studies of magnetism or to test for time-reversal breaking effects 17, 18 Finally, the ultraviolet light is focused into the UHV chamber though a MgF viewport, using a curved Al mirror. The curved mirror is mounted on a linear translation stage so that the spot size on the sample can be adjusted. This combination of high flux, improved resolution, low operating cost and ease of polarization and focus control, make lasers an excellent light source for ARPES.
III. UHV system
The laser ARPES chamber is constructed of 316 stainless steel, and typically maintains a Between the time photoelectrons leave the sample and are measured at the detector, they are subject to interactions that can alter their trajectory as they travel through the UHV chamber. The very low kinetic energy photoelectrons in laser ARPES have longer mean free paths in the sample, but are more susceptible to deflection by stray fields than those in high energy ARPES. Insulating objects in the ARPES chamber that are hit with electrons will charge, causing electric fields that can deflect the photoelectrons on their way to the analyzer. Therefore, any insulating material in the chamber is shielded with metal that is connected to ground. To minimize magnetic fields, only non-magnetic material is used on the sample manipulator and all heaters are counter-wound. Pumps and motors outside the chamber are kept away from the analyzer and sample positions.
The entire chamber is shielded by two isolated layers of 0.04 inch thick annealed μ-metal, which are contiguous with the μ-metal shields of the hemispherical electron analyzer.
With this shielding the magnetic field measured at the sample position is about 1 mGauss in magnitude.
IV. The electron analyzer
One advantage of low energy ARPES is the improved k-resolution due to the favorable angle to k conversion. Unfortunately, obtaining good angular resolution at low energy is more challenging because of the increased sensitivity to stray fields. While the standard calibration procedures used at high energy are sufficient to achieve good energy resolution with 6 eV photons, additional steps must be taken to achieve good angular resolution.
19
The laser ARPES system uses a Scienta SES 2002 hemispherical analyzer, whose main physical modification is the mating of the μ-metal shields of the lens to those of the UHV chamber. This was necessary to achieve fields of 1 mGauss in the sample analysis position. The combined energy resolution of the system can be seen in figure 3 , which shows a raw photoemission spectrum from polycrystalline gold taken with 6 eV photons at T = 20 K. The data was taken at 1 eV pass energy using a 0.2 mm curved analyzer entrance slit. The Fermi-function fit has a 10% -90% width of 10.7 meV, which is dominated by the sample temperature. We observe no difference in the Fermi widths from freshly evaporated gold versus gold transferred directly from atmospheric pressure, an indication that laser ARPES is indeed bulk-sensitive.
In order to achieve good angle-mode performance at low kinetic energy, the Scienta electron-lens voltage tables were constructed empirically for each pass energy. This was done through an iterative process, using angular calibration devices that were well characterized at higher kinetic energy. Figure 4 shows one such device, consisting of a small gold post and an array of thin wires. Electrons are photoemitted from the face of the gold post, and a shadow pattern is generated by the wire array as it blocks some of the electrons on their way to the analyzer. The gold sample and the wire array are both mounted on a rotatable stage which transfers into the cryostat in exactly the same manner as real samples. The dimensions of the device were verified using an optical microscope and a translation stage equipped with position encoders. The device was further tested by ARPES using 21.2 eV photons from a He discharge lamp, indeed confirming the predicted shadow pattern. It is critical that the device be evenly coated with colloidal graphite (except on the gold post) to minimize the effects of electron bombardment and work function variation across the surface.
The calibration procedure involved smoothly modifying the voltage tables, primarily for cylindrically symmetric lenses L6, L7, and L8 20 , in order to make the ARPES data match the predicted pattern without dispersing in energy. Figure 5 shows calibration data collected using 6 eV photons, with an analyzer pass energy of 1 eV in swept mode. We estimate the angular resolution of the instrument to be ± 0.16 ○ based on a convolution of the expected calibration pattern with a Gaussian. This angular resolution is maintained all the way down to 600 meV kinetic energy. Although better angular resolution has occasionally been achieved at higher kinetic energy, the favorable angle to k conversion at 6 eV yields a k resolution of ± 0.0018 Å -1 for a sample work function of 4.5 eV. To our knowledge this is the highest momentum resolution ever obtained from an electron spectrometer, and has allowed us to measure exceptionally sharp spectra from real materials, as presented in the next section.
V. Comparison of results from Bi2212
We have recently reported 6 eV laser ARPES showing the sharpest images yet of the electronic structure of the high T c superconductor Bi2212. 14 This is perhaps the material most heavily studied by high resolution ARPES, 2,3 so it is important to compare 6 eV results with those at higher photon energies. Figure 6 shows ARPES data from optimally Especially important is the fact that the dispersion kink 2 at roughly 70 meV is clearly reproduced at low photon energy. As discussed in ref 14, this is an indication that the low energy photoelectrons are still in the sudden limit 1,2,21,22,23 with respect to the interactions causing this abrupt change in the dispersion. In other words, the superconductor has not relaxed via this excitation channel prior to the photoelectron leaving the sample. This allows one to study the self energy associated with this interaction, which may play an important role in high T c superconductivity.
Although ARPES at 6 eV appears to be in the sudden limit relative to the nodal kink, it could be in the adiabatic limit compared to some higher energy excitations. However, since the peaks sharpen symmetrically as photon energy is lowered (the dispersions of figure 6 are identical), we deduce that at this temperature and resolution, we cannot see any peak sharpening resulting from a breakdown of the sudden approximation. 14 Such a sharpening (where spectral weight is transferred from within a peak) would be asymmetric since spectral weight is always transferred to lower binding energy as the adiabatic regime is approached. This transfer of incoherent spectral weight could contribute to the reduction in high energy background observed in figure 7(a) , however, the reduced inelastic portion of the background expected at low energy will also significantly contribute to the observed difference in the EDCs. In the 20 -50 eV photon energy range, electrons from many Brillouin zones are excited, all of which can scatter inelastically and contribute to the extrinsic background. At 6 eV, only electrons from about 2/3 of the 1 st zone are excited, greatly reducing this extrinsic portion of the photoemission spectrum relative to the signal of interest.
Perhaps the most noticeable difference between the ARPES data of figure 6 (and figure   7 ) is the increased sharpness of the 6 eV data, for which there are several contributing factors. The most significant contribution is the improved momentum resolution at low photon energy, which not only decreases the MDC width (Figure 7a ), but also decreases the EDC width (figure 7b) for these highly dispersive nodal states.
one would expect the 28 eV data to be sharper than the data from 52 eV, yet the opposite is observed. This is due to the bi-layer splitting, or doubling of the nodal band in Bi2212 24 due coupling between the CuO 2 planes within a unit cell. At 52 eV, the ARPES matrix elements heavily suppress the anti-bonding band, while at 28 eV both bands are present with similar intensity, but are not independently resolved. At 6 eV the bonding band is essentially completely suppressed 25 . Another possible contribution to the sharp peaks observed at 6 eV is the increased bulk-sensitivity. Although a change in the underlying electronic structure is not observed, extrinsic surface effects, such as scattering from surface contaminants, will be reduced in the more bulk-sensitive experiments. Related to the increased bulk sensitivity are increased final-state lifetimes for low photon energy ARPES. This implies a reduced integration over k ┴. , meaning less extrinsic broadening for all but perfectly two-dimensional samples 26 . This has been shown to be an important effect even for naturally layered systems such as the cuprate superconductors.
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VI. Summary
We have developed a state of the art ARPES system using 6 eV photons from a Ti:Sapphire laser. Through extensive shielding of the UHV chamber, and careful calibration of the electron analyzer, we have been able to overcome the difficulties associated with low energy photoelectron measurement, resulting in a significant increase in momentum resolution. The laser also offers increased photon flux at reduced bandwidth relative to higher energy light sources. The decreased surface sensitivity of low energy ARPES make it an indispensable tool for the study of bulk physics, possibly extending the technique to materials that do not cleave. These advantages point towards a promising future for lasers as a photoemission light source.
FIG. 1. (Color online)
The "universal curve" for surface sensitivity in photoemission. 4 Electron inelastic mean free paths from a variety of materials are plotted versus kinetic energy relative to E F (the lowest kinetic energies shown will not be able to overcome the work function). Indicated on the plot are the kinetic energy ranges for standard ARPES and laser ARPES. 
